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ABSTRACT 

Experiments  by  Yeung  and  Sayers  [1957]  on  the  rf  impedance  between 
two  probes  immersed  in  a  plasma,  and  those  of  Takayoma  and  his  colleagues 
[I960]  on  the  incremental  dc  characteristics  of  an  rf  modulated  probe, 
have  suggested  that  resonance  effects  occur  at  the  local  electron  plasma 
frequency,  ,  and  can  be  interpreted  to  obtain  a  direct  measurement 

of  election  density,  free  from  many  of  the  errors  to  which  conventional 
Langmuir  probe  techniques  are  prone.  Diagnostic  techniques  based  on 
these  experiments  have  already  been  applied  in  ionospheric  research.  It 
is  shown  here  that  the  two  resonance  effects  are  strongly  related,  but 
that  the  resonant  frequency  occurs  below  .  The  extremely  complicated 

theory  which  describes  the  resonance  probe  behavior  accurately  car  be 
simplified  to  yield  a  model  which  gives  predictions  agreeing  well  with 
experiment.  This  model  is  developed  and  applied  to  several  different 
probe  geometries  of  interest  in  ionospheric  and  space  studies.  Additional 
rf  techniques  are  suggested  which  may  prove  superior  to  incremented  dc 
observations  for  measurement  and  data  coding  for  transmission  to  terres¬ 
trial  stations.  An  assessment  is  made  of  the  various  regions  of  applicabil¬ 
ity  of  the  resonance  probe  in  space,  and  it  is  concluded  that  a  detailed 
theory  of  the  effects  of  magnetic  field  on  the  resonance  is  required  to 

increase  its  usefulness  for  ionospheric  probing. 
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I.  INTRODUCTION 


In  1957  >  Yeung  and  Sayers  reported  the  results  of  an  experiment  in 
which  the  rf  impedance  between  two  electrodes  immersed  in  a  plasma  was 
measured.  It  was  found  that  an  impedance  minimum  occurred  at  a  frequency, 
u^  ,  which  probe  measurements  of  electron  density  led  the  authors  to 
believe  to  be  the  local  electron  plasma  frequency,  .  A  rather  dif¬ 

ferent  experiment,  which  may  at  first  sight  appear  to  be  unrelated,  was 
carried  out  three  years  later  by  Takayama  and  his  colleagues  [Takayama, 
et  al.;  .Miyasaki,  et  al.,  i960].  These  workers  studied  the  variation 
with  frequency  of  the  incremental  dc  component  of  probe  current  that 
appears  when  a  simple  Langmuir  probe  inmersed  in  a  plasma  is  modulated 
with  an  rf  signal  [Crawford,  1963]-  Their  results  are  sketched  in  Fig.  1, 
and  gave  rise  to  the  description,  "resonance  probe."  From  comparisons 
with  electron  density  measurements  obtained  by  conventional  probe  tech¬ 
niques,  it  was  concluded  that  the  resonance  occurred  at 

The  experiments  Just  described  have  extremely  important  implications 
for  laboratory  experimentation,  ar.d  for  ionospheric  and  space  research 
since  they  suggest  novel  ways  in  which  electron  density  could  be  measured 
directly,  without  the  necessities  of  using  Langmuir  probes,  or  of  knowing 
the  electron  temperature.  This  would  be  of  particular  value  in  iono¬ 
spheric  or  space  studies  where  Langmuir  probes  are  susceptible  to  a  wide 
variety  of  experimental  errors  [Loeb,  1960J,  and  also  in  many  common 
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(a)  PLASMA  TUBE  AND  PROBE  CIRCUIT 


INCREMENTAL 

dc,  Al 


FREQUENCY,  u 

ib)  VARIATION  OF  INCREMENTAL  dc 
WITH  FREQUENCY 

PIG.  1— Characteristics  of  the  resonance  probe. 
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laboratory  situations  where  the  electron  density  is  low,  or  the  electron 
velocity  distribution  is  grossly  non -Maxwellian.  Several  rf  and  low  fre¬ 
quency  techniques  have  already  been  suggested  to  reduce  the  rrors 
[Crawford  and  Mlodnosky,  1964].  The  results  referred  to  above  on  plasma 
resonance  suggest  further  interesting  possibilities. 

In  1963#  It  was  pointed  out  by  Levitski i  and  Shashurin  that  the 
agreement  between  and  obtained  by  Yeung  and  Sayers  [1957] 

was  erroneous,  and  that  actually  lies  below  od^  .  Mayer  [1963] 

and  Harp  [1963,  1964a, b]  came  to  the  same  conclusion  on  the  operation 
of  the  resonance  probe.  Furthermore,  the  detailed  analyses  that  have 
followed  have  shown  that  the  two  experiments  describe  different  aspects 
of  essentially  the  same  phenomenon  [Harp,  1964c;  Harp  and  Crawford,  1964]. 

Our  purposes  in  this  paper  are  to  describe  briefly  the  underlying 
principle  of  the  resonance;  to  assess  its  applicability  as  a  diagnostic 
technique  in  Ionospheric  and  space  research,  and  to  suggest  metnods  by 
which  it  may  most  conveniently  be  utilized  in  such  measurements.  The 
plan  of  the  paper  is  as  follows.  A  simplified  model  of  the  resonance, 
which  has  been  Justified  elsewhere  in  considerable  detail  [Harp,  1964c; 
Harp  and  Crawford,  1964  ] ,  is  presented  in  Section  (2)  together  with  re¬ 
ferences  to  the  experimental  evidence  substantiating  it.  It  is  indicated 
how  the  theory  may  be  extended  to  the  case  in  which  collisions  are  impor¬ 
tant,  and  the  limits  within  which  the  resonant  frequency  mist  lie  when 
a  static  magnetic  field  is  present  are  assessed.  In  Section  (3),  simpli¬ 
fied  formulae  are  derived  for  the  resonant  frequency  for  probe  geometries 
of  Interest  in  ionospheric  and  space  application.,.  These  are  discussed 
in  Section  (4)  in  relation  to  the  numerical  values  of  the  experimental 
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parameters  to  be  measured  lc  such  applications.  Suitable  techniques  for 
observing  the  resonance  are  suggested,  and  the  paper  concludes  vlth  a 
general  discussion  of  the  potentialities  of  the  resonance  probe  in 
Section  (5). 


II  THE  OPERATION  OF  THE  RESONANCE  PROBE 

To  understand  the  mechanism  of  the  re 'onance.  It  Is  necessary  to 
take  account  of  conditions.' In  the  plasma-sheath  region  surrounding  the 
probe.  Here,  the  electron  density  Is  lower  than  In  the  body  of  the 
plasma,  and  the  Impedance  at  frequencies  near  will  consequently  be 

capacitive.  In  the  body  of  the  plasma,  however,  the  Impedance  will  be 
inductive,  and  the  possibility  arises  of  a  series  resonance  occurring 
at  some  frequency.  This  may  be  more  easily  understood  from  considera¬ 
tion  of  a  planar  system  consisting  of  two  probes  with  a  plasma  between 
them.  We  can  then  postulate  the  equivalent  circuit  shown  in  Fig.  2. 

In  practice,  there  will  be  no  sharp  division  between  plasma  and  sheath, 
and  the  relative  permittivities  will  not  be  exactly  (l  -  <jd i^/ur )  and 
1  ,  as  shown  in  the  diagram.  The  circuit  does,,  however,  exhibit  the 
features  observed  experimentally  by  Levitskii  and  Shashurin  [1963]  and 
sketched  in  Fig.  2(c)  and  (d):  there  is  a  parallel  resonance  at  cu^  , 
independent  of  the  sheath  thickness,  i.e.,  independent  of  probe  potential. 
There  is  a  series  resonance  at  ui^(<  >  where  con  be  obtained 

from  the  effective  dielectric  constant,  c  ^  t  the  system.  For 
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(o)  PROBE  PLASMA  SYSTEM 


Cp 


(b)  EQUIVALENT  CIRCUIT 
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OSCILLATOR 


OETECTOR 

(d)  TRANSMISSION  SYSTEM 


DISCHARGE  CURRENT 


(  e )  EXPERIMENTAL  RESULTS  (u>  CONSTANT  ) 


*  -» •  - -Prob<  /pi  a  rai  .,y.  i' m  ■  1  r ;  d  <  oui  valent,  circuit, 


the  planar  system  this  quantity  can  easily  be  shown  to  be 


She  resonant  frequency  Is  given  by 


CD 


and  should  depend  on  the  sheath  thickness,  as  has  been  shown  experimentally 
[  Levitski  i  and  Shashurin,  1963;  Beter,  et  al.,  1963;  Harp  and  Crawford,  1964]. 

We  now  have  to  relate  this  rf  phenomenon  to  the  incremental  dc  peak 
observed  with  the  resonance  probe,  nils  may  easily  be  done  from  considera¬ 
tion  of  a  phenomenon' that  has  been  known  for  many  years.  When  a  Langmuir 
probe,  biased  on  the  electron -repelling  part  of  its  characteristic,  is 
modulated  with  rf  there  is  an  increment,  AiQ  ,  in  the  dc  component  of 
current,  iQ  This  is  independent  of  frequency,  provided  that  the  fre¬ 
quency  is  low  enough  for  the  probe-sheath  conditions  to  be  approximately 
the  same  as  for  dc  operation  [Crawford,  1963].  For  a  Maxwellian  electron 
velocity  distribution,  and  a  sinusoidal  modulating  signal,  V  sin  u>t  , 
the  Increment  is  given  by 
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where  V  is  the  electron  temperature,  and  I  is  a  modified  Bessel 
e  0 

function  of  the  first  kind  and  zero  order.  The  incremental  current  in¬ 
crease  occurs  because  the  probe  characteristic  is  nonlinear.  The  rf 
signal,  which  is  chiefly  effective  in  the  sheath  region,  consequently 
causes  a  rectified  dc  component  to  flow.  In  the  case  of  the  resonance 
probe,  the  rf  electric  field  close  to  the  probe  rises  near  resonance, 
and  causes  an  additional  component  of  incremental  current.  Above  , 

the  electric  field  near  to  the  probe,  and  hence  the  incremental  dc  com¬ 
ponent,  should  tend  slowly  to  zero,  as  observed  (see  Fig.  l). 

The  fact  that  the  rf  and  the  dc  resonance  peaks  coincide,  was  first 
demonstrated  by  Harp  [1964c],  and  more  recently  by  Uramoto,  et  ai.,  [1963a]. 
The  discrepancy  between  the  predicted  result  that  should  not  equal 

u)^  ,  and  the  experiments  suggesting  equality  [Takayama,  et  al.,  i960; 

Miyasaki,  et  al.,  i960;  Ikegami,  et  al.,  1963]  can  probably  be  attributed 
to  the  fact  that  the  only  independent  check  on  electron  density  in  the 
experiments  was  by  Langmuir  probes,  for  which  the  accuracy  was  not  high 
in  the  range  of  electron  densities  studied  (10'  -  10  eiectrons/cnr ) . 

The  first  comprehensive  description  of  the  resonance  probe  showed  con¬ 
clusively,  by  three  independent  measurements  of  electron  density  consistent 
to  within  20  percent,  that  was  less  than  ui  ,  and  depended  on  probe 

potential  [Harp,  1963]. 

The  detailed  analysis  of  the  probe  mechanism  is  given  elsewhere 
[Harp,  1964c;  Harp  and  Crawford,  1964],  and  is  based  on  published  nu¬ 
merical  solutions^  of  the  rf  electric  field  distribution  near  a  plane 
plasma-sheath  boundary  [Pavkovieh  and  Kino,  1963].  These  were  obtained 
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by  a  lengthy  numerical  lnt.gr.tlan  of  the  colllslonlees  Boltzmann  equa- 
tloo  [Pavkovlch,  1963].  The  results  show  that  an  equivalent  circuit 
•uch  as  that  In  Fig.  2(b)  can  be  justified  analytically  impractical 
situations,  and  alloy  empirical  values  to  he  deduced  for  the  constants. 
®ese  have  been  checked  by  direct  experlemnt  (Harp  and  Kino,  1963;  Harp, 
Kino  and  Pavkovlch,  1963].  The  vsy  m  vhich  the  simplified  ^  u 
determined,  for  a  given  geometry,  from  the  Infinite  plane  geometry  solu¬ 
tions  of  Pavkovlch  and  Kino  [1963],  Is  describe  In  Section  (3),  but 
as  an  Indication  of  the  accuracy  with  vhich  a  simple  formula  can  describe 
the  action  of  a  spherical  resonance  probe,  Fig.  3  ls  reproduced  from  the 
work  of  Ha^p  and  Crawford  [1964],  simplify  theoretical  formtaa  Is 


% 


t 


(M 


where  ^  the  probe  radius  X  a-v,  i 

'  is  the  electronic  Debye  length  and  k 

is  an  empirical  constant  for  the  rf  sheath  thickness  expressed  Debye 
lengths.  The  results  shown  In  the  figure  were  obtained  by  three  dif¬ 
ferent  methods,  two  of  which  were  rf  techniques  to  be  described  In 
Section  (5),  and  the  third  was  by  measurement  of  the  frequency  at  which 
the  peak  In  the  Incremental  dc  occurred.  The  agreement  Is  very  good, 
and  such  discrepancy  as  does  exist  Is  substantially  due  to  systematic 
errors  In  the  guard-ring  probe  measurements  of  number  density  on  which 

U,p  and  1D  were  based.  These  were  probably  low  due  to  the  disturbing 
influence  of  the  probe  on  the  plasma. 
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-Probe  resonance  frequency.  Comparison  of  simplified  model  and  experimental  data 


HI  THE  RESONANT  FREQUENCY  IN  SOME  PRACTICAL  CONFIGURATIONS 


A.  COLLISIONLESS  MODEL  WITH  NO  MAGNETIC  FIELD 

The  way  in  which  a  simplified  model  of  resonance  probe  behavior 
is  built  up  is  indicated  in  Fig.  4.  The  detailed  theory  shows  that  the 
rf  electric  field  should  have  components  out  of  phase  and  in  phase  with 
the  applied  rf  voltage  [Pavkovich,  1963]-  The  in-phase  component  re¬ 
presents  a  collisionless  damping,  similar  to  Landau  damping,  and  increases 
rapidly  above  *  0.6  uj^  to  an  infinite  value  as  tends  to 

In  practice,  this  implies  that  probe  dimensions  must  be  large  compared 
to  the  electronic  Debye  length  for  a  resonance  to  be  observed.  When 
the  damping  is  relatively  low,  we  need  consider  only  the  out-of -phase 
component  in  obtaining  the  resonance  frequency.  A  computed  curve  based 
on  the  theory  of  Pavkovlch  and  Kino  is  shown  in  Fig.  4(a)  and  approximated 
by  a  rectangular  electric  field  distribution  in  Fig.  4(b).  To  obtain 
the  series  resonance  frequency  we  must  integrate  the  electric  field 
outwards  from  the  wall  to  infinity,  and  find  the  frequency  for  which 
the  resulting  potential  is  zero.  In  the  case  of  a  plane  probe  bounding 
a  semi-infinite  plasma,  the  potential  so  obtained  is  infinite  and  no 
series  resonance  would  be  observed.  However,  in  a  practical  case,  the 
probe  will  be  finite,  and  at  distances  comp-rable  to  the  probe  dimen- 

_  o 

sions  the  electric  field  must  fall  off  proportionately  to  (distance)  1  . 
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(o)  APPROXIMATION  BASED  ON  THEORETICAL  RESULTS 


(b)  SIMPLIFIED  MODEL  OF  THE  RESONANCE 


FIG.  ^--Derivation  of  a  simplified  model  of  the  resonance 


An  approximate  electric  field  profile  for  a  finite  plane  probe  Is  obtained 
by  multiplying  by  (R/r)2  ,  as  shorn  In  Fig.  4,  vhere  R  Is  an  empirical 

length  found  experimentally  for  a  circular  disk  to  be  about  equal  to  the 
probe  radius.  For  the  resonance  condition,  ve  find  that  the  shaded  area 
should  Integrate  to  zero.  Stated  mathematically,  this  Implies 


and  yields  the  result  quoted  In  Eq.  (4)  where  k  *  5 

We  shall  now  derive  the  appropriate  formulae  for  the  resonance 

frequency  in  various  other  geometries  of  interest  in  laboratory  and 
space  research. 

1 •  Isolated  Sphere 

In  the  case  of  a  sphere  of  radius  R  ,  the  simplified  model  and 

the  Integration  are  exactly  as  given  In  Eq.  {5},  and  yield  the  result 
quoted  in  Eq.  (4). 

2 .  Two  Spheres 

In  the  case  of  the  dumbbell  probe  Illustrated  In  Fig.  5(a),  or  a 
single  sphere  at  distance  a  (»'  R)  from  an  Infinite  conducting  plan-, 
ue  can  obtain  the  resonance  condition  from  the  equation  for  the  e.ectrlc 
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<o)  SPHERICAL  OUMBBELL 


(c)  PARALLEL  WIRE  RESONANCE  PROBES 


field  distribution  between  two  point  charges.  This  assumes,  with  the 
introduction  of  little  error,  that  the  rf  sheath  and  the  surface  of  each 
probe  coincide  with  pairs  of  slightly  nonspherical  members  of  the  family 
of  equipotential  surfaces.  For  the  electric  field  on  the  x-axis  we  have 

q  [  1  1 

E  .  -  - -  ♦  - - 

4xc  (a  -  x)  (a  +  x) 

The  resonance  condition  is  given,  then,  by 
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We  replace  the  sheath  thickness,  s  ,  by  kX^  to  obtain  the  result  of 
Eq.  (k)  again.  We  remark  that  Eq.  (9)  implies  that  the  resonant  frequency 
is  not  dependent  on  'a'  to  first  order. 

3.  Two  Parallel  Wires 

It  may  be  convenient  to  use  the  resonance  probe  in  the  form  of  two 
parallel  wires,  or  a  single  wire  parallel  to  a  planar  surface  [see  Fig.  5(c)]. 
The  electric  field  in  this  case  is  given  for  thin  wires  by  the  form  for  the 
electric  field  between  two  point  charges, 


whifch  yields  the  resonance  condition 
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The  implication  of  this  result  is  that  the  resonance  occurs  at  rather 
lower  frequencies  than  for  two  spheres  at  the  same  spacing,  and  that  the 
spacing  has  a  strong  influence  on  .  This  can  be  understood  by  con¬ 

sidering  that  the  fall-off  of  the  electric  field  away  from  the  probes 
varies  as  (distance)  1  in  the  two-dimensional  case.  The  potential  would 
consequently  be  infinite  at  infinite  spacing,  as  in  the  planar  case 
studied  earlier. 


B.  EFFECTS  OF  COLLISION 

So  far,  we  have  not  considered  the  damping  effect  of  interparticle 
collisions  on  the  resonance.  This  will  be  additional  to  the  collision- 
less  damping  effect  already  mentioned,  and  which  dominates  for  probes 
small  compared  to  a  Debye  length.  Interparticle  collisions  occurring 
with  frequency  v  can  be  taken  into  account  by  modifying  the  relative 
permittivity  of  the  plasma  to  the  form 

2 

u> 

€  =  ! - E -  .  (13) 

0>(a>  -  jv) 


This  separates  into  real  and  imaginary  parts 
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To  observe  a  resonance,  it  is  necessary  that  v  «  a)  .  With  this 
condition,  the  only  modification  to  be  made  to  Eqs.  (4),  (9)  and  (l 2) 
to  take  collisions  into  account  is  to  modify  the  left-hand  side  by  re- 

o  2  2 

placing  a)  by  (a/  +  v~) 

In  principle,  the  hauf -width  of  the  rf  series  resonance,  or  of  the 
incremental  dc  peak,  could  be  used  to  determine  the  damping  and  the 
collision  frequency.  Efforts  to  do  so  have  not  yet  yielded  satisfactory 
results  [Cairns,  1963;  Harp  and  Crawford,  1964]. 

C.  EFFECT  OF  A  STATIC  MAGNETIC  FIELD 

For  both  laboratory  and  space  studies,  use  of  the  resonance  probe 
may  be  required  in  situations  where  a  static  magnetic  field,  B  ,  exerts 
an  important  influence.  So  far,  the  only  experimental  results  that  have 
been  obtained  under  these  conditions  [Uramoto,  et  al.,  1963b]  have  shown 
that,  for  B  small  and  uniform,  u>  is  constant.  However,  as  the  magnetic 

n 

field  is  raised  to  strengths  such  that  the  electron  cyclotron  frequency, 
n  ,  becomes  comparable  to  the  zero-field  value  of  tu  ,  then  uu  in- 

C  n  n 

creases  and  rapidly  tends  to  the  limit  u>_  -  cs  .  This  behavior  is 

R  c 

illustrated  in  Fig.  6. 

The  theory  of  the  series  resonance  effect  for  a  probe  immersed  in 
a  magnetic  field  is  a  complex  problem  that  has  not  yet  been  solved.  We 
may  make  ^ome  tentative  estimates,  however,  of  its  practical  importance 
by  extending  the  simplified  model  of  Fig.  a.  The  appropriate  expressions 
for  the  relative  permittivity  of  a  plasma  in  the  directions  parallel  and 
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FIO.  6- -Behavior  of  the  resonance  probe  in  a  Magnetic  field 
(after  Uraaoto,  et  al.,  1963b). 
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transverse  to  a  static  Magnetic  field  are 


This  suggests  that  the  resonance  frequency  will  lie  in  a  range  bounded 


below  by  the  expression  obtained  using 


,  and  above  by  that  obtained 


using  c  |  .  The  equation  giving  the  upper  bound  in  the  spherical  case 

is 


These  considerations  define  the  shaded  areas  shown  in  Fig.  6,  and  with¬ 
in  which  the  experimental  data  lie. 

2 

Experimentally,  then,  it  appears  that  if  is  greater  than  about 

2 

10  o>c  ,  the  Magnetic  field  can  be  neglected.  On  the  other  hand,  if 

2  2 

o)p  is  less  than  0.1  u>c  it  would  probably  be  possible  to  use  the  re¬ 
sonance  probe  to  measure  Magnetic  field  strength,  independent  of  the 

2  2  2 

local  electron  density.  In  the  intermediate  range  0.1  od  <  cd  <  10  o> 

c  p  c 

a  formula  accurately  relating  (t»p/a>c)  ,  (a> p/a^)  and  (r/X^)  would 
be  required  to  interpret  the  data. 
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iv  PARAMtms  Goranran  ns  on  or  tex  kssomicb  mm  n 


I0K06FHSUC  AID  SPACE  APPLICATION 

We  aust  now  examine  the  parameters  to  be  measured  in  space  In  the 
light  of  the  remarks  of  the  previous  sect loo.  We  can  relate  them  first 
to  the  site  of  the  probe  necessary  to  arold  strong  collisionless  damping. 
Baring  ensured  that  the  probe  is  large  enough  for  a  resonance  to  be  ob¬ 
servable,  re  Bust  than  areal ne  the  value  of  (a> p/®c)  ,  to  determine 
whet  the  probe  vlU  asesuse,  and  to  decide  which  theoretical  formula 
Is  appropriate. 

Figure  7  covers  the  range  of  electronic  Debye  lengths  and  Larmor 
radii,  r^  ,  likely  to  be  of  Interest.  As  the  probe  radius  must  be 
larger  than  about  (5^)  ,  the  probe  diameter  will  be  about  one  order 

of  magnitude  larger  than  the  Debye  length.  Magnetic  field  effects  will 
be  negligible  when  r^  »  1^  Ve  see  that  for  the  farthest  space 
Blsslons,  where  the  electron  temperature  may  reach  10^  °K  [Chapman,  1959], 
and  the  denalty  may  be  reduced  to  the  order  of  1  electron/cm  ,  probes 
exceeding  100  a  would  be  required.  This  Is  not  entirely  out  of  the 
question  since  studies  are  already  under  way  Involving  spherical  probes 
of  Ul  a  diameter  fproJeCt  "icho  II,"  1964  4A].  For  Inospherlc  applications, 
probes  between  1  ca  and  1  a  In  dlaaeter  should  easily  cover  the  range  of 
electron  densities  of  Interest. 
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DEBYE  LENGTH  X0=(vt/«p). vT*(eV./m)'/2 


SSDV9  H19N3dlS  03313  13N9VW 
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ELECTRON  TEMPERATURE  °K 

p [Q,  7--Probable  range  of  electron  density  and  temperature  to  be  encountered  in 
ionospheric  and  space  applications. 


figure  3  Indicates  the  Influence  of  magnetic  field.  It  will  be 
seen  that  the  resonance  probe  Is  suitable  for  measurements  in  Inter¬ 
planetary  space,  and  near  the  edge  of  the  magnetosphere.  In  the  Iono¬ 
sphere,  however,  a  correction  formula  taking  magnetic  field  Into  account 

must  be  derived  If  electron  densities  less  than  about  1C?  elect rons/cm^ 

3 

are  to  be  measured  accurately.  The  lower  limit  seems  to  be  about  10 

electrons/cm^.  Below  this  density,  the  probe  vould  probably  be  more 

suitable  for  magnetic  field  measurements. 

The  foregoing  considerations  suggest  that  the  use  of  the  resonance 

probe  Is  feasible  In  all  regions  of  the  magnetosphere  and  Interplanetary 

space.  There  are,  however,  additional  factors  which  have  to  be  taken 

Into  account.  Two  of  these,  which  are  also  effective  In  reducing  the 

accuracy  of  simple  Langmuir  probe  measurements,  are  the  effects  of 

particle  streaming,  and  of  Irradiation.  The  first  of  these  will  have 

two  effects:  It  will  distort  the  dc  plasma  sheath,  and  It  will  add  to 

the  damping  of  the  resonance.  The  Influence  of  particle  streaming  will 

be  negligible  if  the  electron  drift  velocity  Is  small  compared  to  the 

electron  thermal  velocity.  Irradiation  will  also  change  the  thickness 

of  the  dc  plasma  sheath.  It  has  been  shown  empirically  [Harp,  1964b] 

that  Kq.  (4),  which  holds  only  for  floating  potential,  can  be  modified 

to  take  account  of  probe  potential,  Vq  ,  by  replacing  k  by 

l/2 

[(10  Vq/V^)  '  •  2)  .  This  expression  is  appropriate  to  mercury-vapor, 

but  could  be  modified  for  other  gases.  It  Is  accurate  for  greater 

w 

than  about  (2V  )  so  that  If  the'*probe  were  normally  at  floating  potential, 
© 

the  resonance  frequency  would  be  relatively  insensitive  to  small  changes 
In  Vq  caused  by  Irradiation  or  streaming. 
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ELECTRON  DENSITY  PER  cm 
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FIG.  8--Ranges  of  application  of  the  resonance  probe. 
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V  Discussion 


It  Is  now  firmly  established  from  theoretical  considerations  and 
experimental  measurements  that  probes  immersed  in  a  plasma  are  capable 
of  exciting  a  series  resonance  at  frequencies  below  the  local  plasma 
frequency,  and  that  despite  its  complexity  the  resonance  effect  can  be 
siammrized  in  quite  simple  formulae  such  as  Eqs.  (4),  (9)  and  (12). 

From  the  considerations  of  the  previous  section,  it  is  clear  that  the 
resonance  probe  can  constitute  a  powerful  tool  for  ionospheric  and  space 
probing.  It  will  be  noted  that  the  resonance  frequency  can  be  normalized 
in  the  functional  form 


This  means  that  measurements  can  be  performed  in  the  laboratory  on  small- 
scale  models  of  probes  for  projected  space  applications,  and  that  simplified, 
or  empirical,  formulae  can  be  checked  at  moderate  cost.  Effects  such  as 
those  of  plasma  drift  could  also  be  conveniently  studied  in  the  laboratory. 

Determinations  of  electron  density  from  series  resonance  measurements 
will  require  a  subsidiary  determination  of  electron  temperature,  since 
this  quantity  enters  via  the  Debye  length.  An  estimate  of  electron 
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temperature  an  be  obtained  either  by  using  the  ’’econance  probe  as  o 
convent! una I  Langmuir  probe,  or  by  modulating  it  at  a  frequency  well 


below  oj„  .  If  the  probe  is  floating,  this  will  cause  a  shift  in  po¬ 


tential  which  can  be  interpreted  to  give  the  electron  temperature 
[ Ikegani  and  Takayama,  1963;  Crawford,  I963J.  If  it  is  possible  to  use 
two  spherical  probe  set-ups  of  different  dimensions,  and”  R^  ,  the 

Larmor  radius  can  be  eliminated  to  give 


R2  '  R1 


_2_ 

2 


x 
• 2 


(17) 


ri)R2 


S'.ice  the  incremental  dc  resonance  is  only  a  manifestation  of  on  rf 
resonance  effect,  the  measuring  techniques  are  not  confined  to  dc.  Two 
r.‘  method that  nave  been  successfully  developed  for  measuring  densities 
o!  the  order  of  10  electrons/cm'3  Jn  the  laboratory  are  ringing  and 
Q-clrcl e  meaBureirrnta.  (Harp  and  Crawford,  1964],  In  the  first  of  these 
a  step- function  signal  0-  applied  to  the  probe.  Thlc  causes  a  ringing 
.ffcct  to  take  pla  e  at  the  series  resonance  frequency,  which  can  then 
.v-  measur-d .  The  Q-cl rcie  measurements  are  slightly  more  elaborate  and 
r -'quire  T'-asurement  of  tr.e  rf  admittance  of  the  probe-plasma  system  over 
a  range  of  frequency.  This  leads  to  a  circular  plot  on  a  Smith  chart 
•''rom  which  the  eerie;:  resonance  can  be  obtained.  It  also  -  allows  a  direct 
measurement  of  uq  to  be  made  as  the  frequency  at  which  parallel  res o- 
nance  occurs  in  the  plasma  and  the  admittance  is  a  minimum. 


BEST  AVAILABLE  COPY 


As  has  been  pointed  out  in  Section  (U),  an  Important  region  where 

one  would  like  to  employ  the  resonance  probe  is  in  the  ionosphere  under 

conditions  where  at  *a)  This  requires  a  modified  formula  for  the 

pc  H 

resonance  frequency,  and  Independent  knowledge  of  the  local  magnetic 
field.  The  latter  presents  no  Important  difficulty.  The  former  is 
worthy  of  theoretical  study  and  verification  by  appropriate  laboratory 
experiments,  and  would  considerably  Increase  the  value  and  applicability 
of  the  resonance  probe  technique. 
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